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CARBON NAKOTUBI ? - SETS 

FtEUJ OF TIIE INVENTION 

) ) 1 ^ rt, v. <-\ a" i c t i it 

and use;; thereof: 

BACKGROUND OF THE INVENTION 
Carbon; notu es s a novel 1 of carboi SajfK tabibar 

t I >U„ 1. d ^. C v. 1 ' 71 v \ ,H 

pentagons, Smgls-wal! carbon rrariorabes L>x>;cas:y ! diameters in > range between about 0.5 nanometers 
(rim) and about 3.5 nm, and lengths esuaby greater than about 50 nm. They are known for their excellent 
- i - r t i i i t ) lo9> K if 

ss y^anls )rese3 [ i j jg them 

1 1 > I < 1 i ' t t I j , t Ol 5 

cylinders. The number of waits in a multi-wall carbon nanotube can be us few es two (double-wad carbon 
trmotebe} or a (triple-wail carbon nanotube) and i „ range t to hundreds. Multi-wail carbon i r v 

^ i 1 1 1 ' ^ tc j l v 1 i 

does fiie amnber of defects. Because single- wall carbon nanotubes generally cannot acctsnroodare defects 
during growth, they typically have very few defects. The minimal number of def «. „ > - 
wall carbon nanombss stronger and more conductive than multi-wall carbon nanotubes. Single wall carbon 
. > or ^ are known to reading IbtTxt into "ropes", vdiich are aggregates of multiple gn k tubes in contact 
with one another. The single-wait carbon nanotubes in the ropes are cohesively held tightly together by strong 
vander\5 I t carbon nanotubes. ropes of sm. 

(i.e. diameters between 0,5 mo and 3 nm) have been observed with aanetubes havb g single i 
^ oi'.i t ^ 1 ' 1 i.i i ' ii fa 1 iv n of - a k- 

H M i I n M n - v ' ho i r 1 Pat. Publ. WO 00/17102 Al, published March 30, 

2900. barge nnhti-wall carbon nanotubes, with diameters greater than about 4 ran, tend to have aa increasing 
: v tnd decreasing electr ua i t ! i 1 i 

wail carbon nanotubes also don,' t u - - ' 

Most methods lor carbon aanombe production involve one or a cccnbinntion of transition metal 
r . - - t < i , -i i 'isi b ~ i I 

°C and 110(1 'C s r e » i j ono. proobde 

and gar phase teobihqoes ,u supporteo and unsupported metal catalyst. 

One method of preparing carbon nanotubes on supported metal catalyst is known as ''chemical vapor 
uep, , ia or CVP his £ lecui nanometei 

scale gattie-es u u metal, supported on a substrate to form carbon nanotubes. This nrocedare has been 
used to produce muitt-wat! carbon nanotubes, however, under certain reaction cottditio.ns, it can produce 
^O . jt > 5 a, - b i l i-d ,Vw* . " -mt „ i a CVD 

methodology has beam described in Dai, ,«r al $$96), Cheat- />%t. Lea., 260, p. 471-475, and "Catalytic 
> oft « Carbon Nanotubes front Metal Pa les bfd Publ, WO 00/17102 A'i, 

ch corporate^ herein by re n S c or 
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i a CVD process comprises \ i \ i s ( J iu mtdh-vmli carbon mntotubos, residual catalyst 

tactcd particles, catalyst support materia), j. i extraneous carbon forms, which cat; be amorphous carbon, 
mi nomn ju as Ml renes e em extrata as catbc >' will be i ed he; jr. » anv carbon thai is not lathe 
- of carbon nanombes, and can hmhide u/aphsne sheets, r;on-b.;belar fuiierenes, partial nanotube rn s 
a \ , o carbon and other disordered carbon 

Many end-use j i i i for carbon nanotubes require thai: the naaobabe material be eftfachvsiy 
dispersed in t , v n such as a liquid solvent solution or molt-in material i order m form > <u a > v. 
i i - a i r v)r be polymeric, metallic, organic, inorganic or 

hereof Wbe < j i i i. a ?re dispersed in a matrix mat 
,i vi o i j i i i i " k. l i i. ui^escnt compered to those of die matrix 

i i i spend, in part, or the o< > 

iposite and on the diameter, length and morphology of carbon nanotubes it) the matrix material For 
5 • ton aanotubes ia liquids., tm i i < >f ihe ntmctube ma 

viscosity characteristics of the Ikpmd/naootube mixbsre. The properties of the composite are highly dependent 
i <> ' v i s t> tmr is i tots i, i! vd for car'xirt 

i x < { ed i i } r i „ U < 

by comrosrdaliy-efifective methods such as melt blending. Additionally, Caere is a need fa; a carbon nanotube 
material that is s Jstive environ > res, snob as up to about 550°C. 

SUMMARY OF THE INVENTION 
In one embodiment, the invention involves carbon nanotube particulates, a method for making the 
same, compositions and uses thereof. One embodiment is a carbon nsnotube particulate that comprises * 

t tubes ananged in a 3-dunerisionsl network in die carb >n t 
narboekbe. The carbon n i 1 parti it-share has a v. it in i 1 of less i j 1 000 nncrons 

ajid tue smttl-aiutt v Jtbox' itcusot ,us W so I i i a i i The 

carbon. cui iimerssionat n t t, a n i rb< 

vijerei; - , > , jwvc & macroscopic particulate morphology with a cross-sectional 
dimension of less than about i 000 microns. The carbon nanotubes in the particulates can be single Availed,, 
double-walled, triptVvvailed, quadruple- wailed ot s combination thereof. The method for producing carbon 
nanotube particulates, comprises providing a catalyst comprising o i metal on a t a suppott, 
j i % and contacting the 

catalyst with a gaseous stream comprising a -carbon-containing feedstock at a sufficient temperature and for a 
< j u time suflacieni to make a carbon product on the catalyst wherein the carbon prodne: comprises carbon 
intuombo particulates, wherein die carbon rernotubs narticaiaies cotnpnse carbon aanotcbes havmy diameters in 
tine range of about 0.5 rati and about 3 am. 

In annUaer o:nb;>dh;;ent, a nnaaod ibt proifjclog carbon n;:riotrlhs parhcahues ecr.aprises (a) nr;tv;dins. 
a ctbafyst ot , , catalytic rneta; t a particulate support, wticrein the paniculate support has a 

tit ?< iiyst hi asec t - i 
, i i for a oatac t t\ fticje make a 

carbc>t! ptotiucr i ! ettmlyst naberciu liic carbttn r 1 1 cortutrisas ctirbon aanxauba parlitadatcs, wbcrain the 
particidates conrpnsc snrah-disnit'tcr caritoti t;auotai)cs, rvhercin the i M ; n ( nauotubes c a 
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outer diameter in She range of about 0.5 am and about 3 nm s and (c) removing the particulate support from me 
carbon product s >i j ^ „ the carbon it J > ; J i . svherem the carbon nanotube particulate;; retain i 
macroscopic morphology of an approximate shape and an approximate cross seotioiw c 
removal of fha particulate support, in the process oi' removing liio support, the catalyst metal or a portion 
thereof, can be removed. - carbon naeombe particulates, ana- removal ' ta eaodyst m ■> >rt retain die 
macroscopic motphoiogy mat approahnatea the shape, state > cross-sectional dimension \\ i i to that of 
i - < j ; ) e j i ~ t. j i. s r 1 „ 

aaoiitc. silica, ammtimg rdroonia, magnesia and i i u thereof. The catalytic oretai can comprise at least 
. i i ; ! i s l i i r i s a i t i 

i dias i jj drat la mm _ at a an s 

elunetl iV . , - i>r«of Ik oos embodiment, the carbon nanotube particulates have a bulk 1 1 
in a range between about 0.01 m'eob and about 0.5 g/cm J . "Hie particsiiate support typically has a cross- 
i or a , ) ! s e range between about 0.1 micron and about 1000 microns. Io another embodhnenti 
> i ates have a cross-sectio > i ^ - ocTwesn about 0.] and about 

1000 microns. 

In another embodiment, the carbon, nanolabes are present aR the carbon nanotube particulate in an 

! i t K ! a I \ > t t ' i >1 ' rt ur tl Oil HO vet 

jl weight of the carbon at ■> p _ i r than about 90 wt°'o o uc ! r 

product. Carbon naaotabes car: spaa h-eOveen the- carbon nsnombe pasticsrlates. 

In another embodiment, the surface area of the carbon nanotube particulate is in die r ange between 
about 10 m 2 /g and about 1000 nb/g, and is preferably between 100 m% and about 1000 ta% 

In one embodiment me carbon nanotube particulates comprise carbon asnoiube ropes of smaiJ- 
dian vser carbon aaaotubss where i tl e ranombes can be single-walk <■ i t 

some cases, quadruple-wailed, such that tire diameter of the cater walls of the nmaotuoas are less titan about 3 
am, generally in the range between about 0.5 tun and about 3 am. The carbon nanotube particulars* can 
comprise ropes of carbon nanotubes, wherein die crosj-ssctloual dimension of 1 ropes are ' tire range of 
v. ! i , i e a it t ^ il i t. i i 1 ' vfsraaii- 

diamcter aanotubes, wherein fee ropes have a cross-sectional dimension less than about 10 ma. 

In another embodiment, the carbon naiiotobe.s are present on the surface of the carbon nanotube 
> , < i s > kji oi il pni "he t - . ji i > . - v a 

be annealed to form annealed carbon nsnoinbe partlenlaies feat nave increased the n ,1 > h 
environments (such as exposme to i i r } u > i i hit i i Uniimn^fee 

r i i t m tr - i v ! 1 ' ! j 

1500*C for sou. rut 1 and about 24 boars. The annealed carbon nanotube particulates are 

stable la air at temperats.aes areater than abom 400"C, prorcrabiy greater than about 4b'0s ; C, pre&rabty greater 

in another embodiment, the carbon rtanotobe particulates are blended with a matrix materia) selected 
up consis p ! i lis » <- i <■ v tiM it ■» »i r i < 

1 1 m matrix tnatmab. The carbon nanotube particulates in 
atamix materials can be present in the composite in a range of about. 0.00 1 vrM ami aboat 50 vrt%. 
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In another iii m carbon tianotube particulate electron emitter comprises a carbon i i \ 
partioakte on a surface wherein 1 carbon i ti particuiaie coau>rise;i entangled s ui i >. i m. 

i - v b~s'c a& outer diameter sc. a range of about 0,3 nm and about 3 

> uu ii i lit msion in a ?rse ot a>x j u > i 

about {00 microns, preiexsbiy m i range of about 0. 1 microti n 1 - i 3 microns. The carton mmombes are 
i i , i j _ i t !> ui i- i tabes, triple- 

w j 5 p ^ \ u I i i i i v ' ! r v ^r> lit 

particulate emitter is suitable for use as a cathode component in field emission devices. 

aaother eotbodimeat, a method Tor making a carbon nacotube partieok : • ; . » 

)g iC t- t t * t 1 1 mnpi I dl 

ano as, wherein t « artieter aaaotu^es have an o«tsr diameter in a range of about 

0. 5 nai aid about 3 m? whar i I ao are st i a ^ ->r> i , > i . 
carbon naaw vailed carbon naaotubcs, tuple-wailed carbon nanotubes, quadruple-wailed carbon 
tisnctuhes and j t i thereof and 1 n U carbon eanombe particulate has a imvc I 

k ,:t-iab j i ~ ..omard about iOQ microns, preferably about*).! &id about 3 microns, and 
carbon nanotube particulate on a i I atubcs < 

mestis. 

DESCRIPTION OF THE DRAWINGS 
Figures IA sad IB are scamui"? electron micrographs (SEMs) of one embodiment of the present 
invention at 500X magnification. Figure U shows mes catalyst incorporating carbon aaaotubes after it has 
been subjected to ths growth process described in Example L Figure IB shows the carbon aaaotabc product 
e i i i i i i i ii i < i i i ) > i if 

O "1 . [ ( j ' K j L tc 1 t I ; t - " 1 , 1 ^ ' 1 V, 1 1 

paniculate nature of the irsverition. 

Figures 2A and 2B are SEMs of taw embodiment of the present invention at 5000X magnification. 

Figure .2.4 shows the carboa nanotubes on the catalyst support after the nanotnbes were grown 
according to procedures described i Bxarupk 1 

Figure 2B shows the carbon naaotabe product of die present invention after purification by acid 
ji i l >!us>^ ti,:i t tn _ t 

fee- snppoi t is eraateri 

Figure 3 is a SEM of fee carboa Kanotebe material at 25M0X magmficatior, after purification 
according to the procedure given ia Example i . figure 3 shows the dec t » i anotuhc ropes on the 

I ~ j U , ^ f. „ r I tt iL ( p 1 a 

micron. 

Figures 4A and 4B are micrographs at 50.000X > <■ Tcatmr of acid-purified carbon nanotube 
particulate according to one embodiment of the present itivoouoit, prepared according to procedmses in Example 

1 . Figure 4A is a transmission elecfron micrograph (TBM) and Figure 4B is a SEM. Both micrographs show 
the nanombe particalate material and ropes of carbon naitotubes spanning between nanotube pari.ieuiates. 
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s t bannanotube 

o>» ' i prepared according to Kxamph: 2 showing that - 1 materia] comprise;; carbon ov ' b ■> « i ' i , >>ts 
tess than 3 :!!». 

[ 5B shows a high o < i < \\\ s u \ i . >t «i )K materia: 5 j L according } w " * 
which shows "ropes" of small-diameter Esa;soU:bes ccatipri.smg nanotubes -with one and tnmtipic wails, wherein 
the 5rfi,sii-dh:;T ; eter naoorabes have diameters less than about 3 no. 

Figure 6A shows a Haaina spectrum of the BBM {Radial Breathing Mode) shifts of as-grown smalt 
diameter carbon eanotubc material prepared by the procedures t Example 4. 1 growth < > r r was 
\ > , i \ j > 

Figure 6S shows a Raman spectrum or the tangential mode shifts of as-grown srnsibdaaneter carbon 
t lateral prepared by fee procedures of Example 4. The growth temperature was 90!;"C and the 

excitation wavelength was 514 mn. 

Figure 7 A shows a Raman spectrum of Hie RBM shifts of as-grown smail-tiiamsler carbon nanoto.be 
material prepared by the procedures of Example 5. The growth temperature was S50°C and the excitation 

t l v i ufi 1 i f i i jc i x 

Is 5 rbc gr urperature was 8S( C id f 

exeitarioa wavelesjgm was 782 ran. 

Figure 8 gives Raman spectra of CVD-grown aatiotube before and after heat treating at 14 SOT for 1 
hour in argon, The carbon nanotube "radial breathing mode" features below 350 cm' 1 are enhanced by heat 
treatment. Laser excitation waveiengm was 782 tan. 

g«re <f shows thermegra i GA) curves of the eerixn - f thi 

hivention before and after beat treating at i 4-j C'< fat < <> 

ssctn at a tempt , - f ~ i0°C/tnin. 

Figure 16 shows a plot of field emission correct versos electric field for various carbon nanotabe 
listen J I he ue<unn emiti 1 t 

of one embodiment of &e present invention; by sample carve- 102 for n u t a 1 < 1 l 

->n i i' i o m i 10* r i t )i ii >injnomtc 

material made by laser oven procedures; by sample curve 104 for purified 1 i < ' 1 j v> coo 
1 ^ ii j 1 - I -> t ! ill! , > 3 h ii ^ 

material. Per curves' 101 and 102, the nit&ett in e j t t i v 

electric Sields. 

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 
. r e, it ! vt itk ! ptovsde tethod fot -making carbon na < iisg j a 

, t i u , s r 1 r i 1 i | 

comprise =d .> carbon t < u 1 1 i diameters less t jj, about 3 nanometers it wherein the carbon 

nanonfoa participates have < h i the same size i i i ! the same shape as the particulate 

' \ i i v i l i ) i ai u'id'i iHK. v i i 

having several waits, such as two, three or &ur wails, 
bite follow mg defbaitioas will apply. 
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1\ t \n tteii n c i i iud t ! rittcm is Jaa n a. e j 3 

such as * cataiyiic rnsiaS, compounds of fh« catalytic ra-otoh the 1 material and i other v ' < < 
and/or ' " it that might be included in i embodiment. The i i "catalyst" ''arppotied iW as;d 
> e s same Jeaa application 
i ! 1 ) ta!ysf shall mean the on metal c 

of transition metals f catalyzes t reaction n the -o l i 1 i m feedstock to cation nasrombes. The 
catalytic r is pan of rise catalyst 

"Support tnateriaF is a material that ) withstand u reaction j n and conditions for naakrag 
carbon run )tube 5 fv ij i s it dyUc metal cs 

reside upon [ form asd may be referred to as "particulate support " 

! i i i rt u f 1 t )1 s it 

v t e ' i 1 1 r i v iut 3 nanometers, 

Snov nil mui* lit *. i < i i > | i io+t> H5S are 

k o i v i i nd iii nybdon m i (\ j 

oxide (MgQ) suppo . > >~ "t _ ti - i i i u il . r r ji> , m 

end magnesium coadc. i u j a it the carbon u i x are produced by contacting die catalyst i 
a gaseous csrbcsi-coaKibiiJg feedstock at a bti&att* tmp^atuj an 'or «• ton i u 
carboo product co i a t > e i a t ^ i 

i ! and wbcrein i cadxas riaootobeo have or * i diameters i >. sets it cbom 3 

la one emfaodimw.t, me supported catalyst is prepared by combining precursors of fl» iron, 
i it a co-Haiiiei able t ) j matures. Aay iron 

compound t , t can be >< h i t ,»i oxide i:; a suitable iron precursor, B aaaxpie;; . i) it t irott m. 
lochias, but are »o; mnvtd so. iron (!!!) nitrate, iron sulfite, iron solfete, iron carbonate, iron acetate, iron 
citrate, iron gluconate, iron haxacyanofesTiie, iron oxalate, and •ristethySenediatnirie; iron satiate. Generaiiy, 

l , M t i i > IV ! - t ! I r I ii< K K ( I I I U <" t \ 

1 I I 1 U \] ' 1 t 0 

example of a t r f >r raohViienun n C enei ilj 

i fti ,i t i i j i 1 1 a p ! I mat can be cefftibusied 

tona^i st_i o\id t 1 1 1 r i I i ^ ^t pk i t tu.ii 

i t i v .i _ i i t. i I fir 

to myvbdar ji ■ < i > t 1 1 i 1 i r 

c t c troa i t hem iybtiemtt-i, on either a weighs: or a 

be amoun sch p an . i { j i i t t i "o 
mote ratio ttrngaa rrom about 3 to 1 to about 30 to ] . 

The metai loading on tte cr^s i ^ t t t t i o ' v, i i i i t 

she growth t;f snraii-ditiiretor carbon ns-r.oitibe.s. M'eta; ioaciing das bean defined herein as the percentage of 

rnetai weight tin the totai weighs of the support materia; . The amount of each precursor is also determitted such 
that the trial wesa f a i> *m range of about 

v yo nid about 20 wi% of the weigi of he tnagnes 3m jxlde, preferablj in fee rarge oi o 05 » » 
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ma about 10 wt% of fee weight of the magnesium oxide, and more preferably in the range of about 0.05 wf.% 
and about 5 wt% ch the weight of the tnagaeshnn oxide. 

Ji ^Jltu i i - t E 1 t t l i it The 

u.'r;j \t r< ~r^u ( wtl eavnarat fcnl ior 

the carbon nsncttmes. Such metal oxide; inokaie, bar ars not banted to. zeolites, afrnhna (AfCgfr silk-- (Su),}. 

3 (Zf< )j) and combinations thereof. The catalytic metal ess comprise one or a 
combination of metals from Group Vffi transition metals, {chromium (Cr), snalybcenusn (Mo), tungsten (V/)), 
j 1 - ooa ( ei < . '-4 i% 

palladium (Pelt, osmiurn i iridium (Sr) and platinum t me ianthanide r- elements, arid aothude series 
elements. Preferably, the catalyst comprises a combination of catalytic metals: more preferably, the catalyst 
comprises a cosrabinatioa of at least one metal from Group Vffi ar ! . , t K« • oupVUiB. 

Jyst i 1 on is sot in 'to to the v o t >*. h i „ io vl 

embod t or', i i ( i t i i r ,npporf and the catalytic nUai or 

metal combination. In this embodiment, catalyst support precursors and catalytic metal precursors are mixed io 
id i The solution is d treated, seed as by changing, j I temperature, aodha t> i to i . ^ t 

i 1 i i I r i i c -j -j\ 

metal. T.h >t*o pilate is then » * .« ' a o , > I f i n m 

limited to, decoration, filtration, centriftgatkm or combinations thereof The separated solids can be treated by 
i ^oitb environment to create fee final catalyst composition. This Sua] composition 
may be made into catalyst particulates by any physical means, such as, but not hr v< i > ' < < 

iiro'k iiui t > _i til i i' i I 'in *h 

particuh > *n , , t i 

in another embodiment, the catalyst can be made by incipient wetness or impregnation. In this 
> u 1 1 it i ! t t j u i i m i a i o i 

comprising one or more chemical species comprising the catalytic metal o> metals. Hie liquid is then 
evaporated, preferably usirg a tar c^< io i ai, such that the catalytic mcta 1 oi netai prv.cnr.o-s are left 
residing cm tire surface of the particulate support 

■a another embodiment, the catalyst can be made by ion exchange. In this method, a particulate 
s ' - v mat rial ha\ me sirtaa n i i / i n on i Km i t , The 

metal ions of the catalytic metal salts exch go i " he metal-loaded sunt 

is *en filtered from the solution and dried. The dried metal-loaded support can be ground into particulates and 

! i r ), f j t , , , f j J t i 

1 1 t K i r r !cano The 

reduction of the -o species can be dooe before loading ;he catalyst Into me reactor t make mmouibes or 
j H i >. 

1 « er embod ent f « p rst inveniio t ca o.t aktng ail-diameter carbon 
nanornoe< c m cordis in citalv c j e . i i 1 t i ai ti iiai i j e j 
wherein die catalyst is hxmeh by mm., precamors j Ji molybdenum and _ i s _ k l. 
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In certain embodiments of the present iavoation, the catalytic metal ia the estaiyst composition may be 
chemically incorporated in the support material. 'These compositions are sometimes referred to as sofld 
solutions, at; example of which is Fe>>3g f! . x A-.-. where IKsc;, and !Kn-'4. 

i ! to nbusaoo net i i a>nh'-!i| 

o combustion. Preferably < ot p^t precursors are i mixed. The t m can be done by any mixing 

5 , i 1 i i t e ! s i s \ 1 t v 1 

Another way of rubtlng can be by dissolving the precursors in a small amount vester, preferably dercahssed water, 
and snaking » solution of fee precursors. Curie acid, urea, { i L c sucrose, ^ t oxaiyi 

L u i tit 1 I 1 ! i ! 

i i crease the surf *v resulting catalyst Any 

foaming promoter can be mixta wit}- the catalyst precursors prior to or after ranting with the water. Preferably, 
it !r dtM> e.i'lu ira m t j K caic the precursors and any foaming 

i J to combustion at a temperati rt 
each of the catalyst precursors. Generally, fee combustion of fee catalyst precursors is conducted by exposing 
the catalyst precursors to a Temperature ia the range of about 150"C and about 1200 a C. Typically, the 
precursors are exposed to con > •> ' e )g« of about 200°C and about ?50*C, preferably in a 

i C and about lbs cornbt i ) uie : rs < o tuer >r 

in an aaaosphet i ig oxygen, such, as air. .During combustion, the catalyst precursors rapidl i r • ... 
i „ i .1 <. ii > > n u or e i jk > prepari )g 

siii t i r ' th ti il t i i i j u i ov a 

wherein the precursors dry as the solvent evaporates, after which fee precursors combust. 

ibodi.iuer it jolutloa of catalyst precursor is grayed to Jbraa an aerosol into a heated 
chamber, such as a drier, oven or spray drier. The aerosol may be produced by any means oi ,t ; %, such as 
but not limited to, atorohsdon by a flow of gas, direct spraying of the solution through a raxssie, electrostatic 
t ? i i t l «r la 

1 t l i t s t 1 U I 1 ! S f | l it El 1 

surface, whereon fee solvent es. j l , ' t > n i j . j 

material is removed from the surface. Apparatus useful in scale-up combustion done on a heated surface 
include, bat is not limited to, porcupine reactors, drum ilakers, svlpedof.lm evaporators and similar process 
equipment. After corrfeustiom the solid product eatt he further heated to ensure complete t , s -i end i 
salt decomposition. Genofin a oat on ho u at U. i n o sei ^ s 

to ojmti\ ho kv r con t r 1 > m ■ , ■> -j .1 o, t m, », ' t ' L 

area, is cooled. Preferably, the cooling is done in a dry, inert atmosphere, such as provided by a dry nitrogen 
purge o a desiccator. After coolin e solid c n parti t a. i a 

^ o ) - t ll v 1 v ,\ : r l r 1 ( < I If 

particulates of the desired size. Further sitting of the particulates can be done by screening the particulates with 
screens of different meshes. 

( j one t i i us i itt 

,eiei.ted be some seat o, th- t ■. i? n.iJe ^ kss 'ban about 

1 0 Of) nncrom, for other reactor configurations, fee preferred catalyse particle size will be less that) about 10b 

-S- 
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-i t ti for yt-i other reactor configurations v preferred cross-sectional dimension oftbs catalyst particle- is 
less than about 30 mierans. Sines to .catalyst particulate, afc® directly afreets Hie size of the carbon nanotube 
,aitl ih icieeaab i > ed cart ot i v. s ~a 

jsk julktsej f typically less than about! u I > 

less than about 0.1 gfom 3 . 

Prior to using the catalyst a> T ) - t t tats of the catalyst can \>e it 

oxide fores, such as iron oxide and molybdenum oxlcte supported s i ox >ne sbodiroer 1 

< coi -mound prior to its use in carbon oanotube production. The 

treatment cam be done with am Mil t-can info omp" md p ! w J ! J 
gas ot- a compound that can be volatilized and contacted with foe cataly st m gaseous, form. Examples of suitable 
sulfor-contaltsmg compounds are thfophene, hydrogen sulfide, raereaptans and combinations thereof. 
Thiophene is a preferred suifiar-wntsfcing compound to treat fi» catalyst To treat the catalyst with a suifur- 
eoataiakg compound, the catalyst is loaded into aa apparatus wherein the catalyst «m be heated and whereto 
the sal&r-coKtaidtig otaapottnd can pass through the cataiyst For example, a suitable apparatus is a tubular 
reactor, such as a quartz tube, whereto the reactor is mounted vertically k a tubular fitmace and whereto the 
reactor baa a parous Sit to position She catalyst to the heated portion of the tabular reactor. Gas, introduced at 
foe bottom of foe reactor, passes tip through the reactor, through the frit, through the cataiyst artd exits oat 
tough foe top of the reactor. With suitable gas Sow, foe catalyst can be Stddized with foe fipwand flowing 
gas. to one embodiment, the catalyst to oxide fonn is Seated with a snlfiir-contatotog compound by .loading the 
catalyst toto foe reactor, purging the reactor eontatotog the catsiyst with nitrogen or an inert gas, such as argon, 
heating foe reactor to a temperate)*, such as to about 5W% allowing foe flow o f nitrogen or inert gas to pass 
forousfo a snifor-c t nsotmd, sue 1 a bubo prior to its entry into foe reactor, sttcb 

that the nitrogen or inert gas entering foe reactor contains at least sonic sulfor-contamtog compound. The gas 
containing foe sulfur-containing compound is foen passed into too reactor and through foe boated catalyst The 
sulfur treatment of foe catalyst is conducted* a suitable temperature, such as about 500°q, for a length of time, 
such as. for example, about 1 0 minutes. 

In an alternate esnbodiment, the sui&r-containtog compound may be added to a gas comprising foe 
u »< >} s ataming co n feedstock aixtare, and this mixture can subsequently 

be introduced to foe reactor under reaction condhions that produce small-diameter carbon nanotubes. 

If the catalytic metals are in fee fotra of metal oxides, the catalytic metal oxides can be activated to 
: to. -u i \ ,.ct ^ . v*-s 'o- tt - t. 7 nation of small-diameter carbon nanotubes, Activation can be done by 
reduction of foe metal oxides with a reducing agent, such as with hydrogen. The redaction may be done prior 
to. <n eti- i ! > s i v. t t * a i u r ! i j < h foanseter 

carbon nanotubes, 

in one embodiment, the oxidized catalytic metals arc reduced prior to totrwiuctog die carbon- 
containing feedstock ttt 1 supported catalyst to make carbon aaootubes. Catalytic metals in tks oxide form 
(with or without s«lfor-trestmet)t) can be reduced in a reactor, such as a tubular reactor. Prior to reduction, fee 
srogen or an inert gas, such as argon. Under a purge of nitrogen or an inert gas, 
foe reactor temperature is raised to about SOO'C. Catalytic .metal reduction is done using a reducing agent such 
as hydrogen gas or a mixture of hydrogen gas aad nitrogen or an mart »as. The catalyst can he treated with a 
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'educing agent for a „r sufficient to « i s i catalyst, such as, Sir if j 1 about d taitmfss at 500"C 
«SBSg a 10% Hj ia argon mixture. The reduction time and temperature are inversely related, in that higher 
rerfnedon temperatures would reduce fee catalytic metal in a shorter time. Exposure of the catalyst to 
excessively hmg reduction times or high ieaiperauees i > i i the l o nretai :o agglomerate e large 
particles thai < t catalyse -be IbsmanoT: - ' ' i i maid-wail carbon i > t ^ <■ amside u i \t 
greater than sfocm 4 nm during aaaotnbs production. 

& another nbodin e oatalyt mclai oxides are reduced to activate ib calaiy during the 
introduction of the earbem-aoratsmhig feeasKa.K to the ami\ys; to make naooutbes. hi such a case, the camlyst is 
loaded into a reactor aad purged with ni! i t > s k 11 r inert 

ga pi ge | p i i i jotubes ca 

Typically, fee tempcraSue fo t t v ' e'.er carbon nanotubes is in the ratsge of about 3WC aad 

about. 15G0°C, preferably m the range of about 650°C and about JiOO^C, and more preferably in the range of 
about 800°C aad about 950°C. Once fee jsnotuoe formation temperature is reached, the gaseous- csffbosi- 
cont mt 2 feedstock * f-e ' ! ^ 1 

no; iHsitwi to, methane, hydrocarbons, alcohols, carton monoxide and eon i attest reo Hre lydracarbons 
may be aromaac, such as benzene, toluene, xylene, eamene, eSiylbenzece, naphthalene, phensnthrene, 
anthracene ox mixtures thereof. The hydreca&ons may be non-aromatic, such as methane, ethane, propane, 
ethylene, propylene, acetylene or mixtures tliereof. The hydrocarbons may contain oxygen such as 
formaldehyde, acctaldehyde, acetone, methanol, ethanol or mixtures thereof: Preferably, the gaseous 
carbon-cotitaming feedstock comprises methane, introduction of gaseous carbon-containing feedstock to the 
catalyst as. elevated temperetans can reduce the catalytic metal and activate the catalyst The gaseous carbon- 
containing feedstock em also be mixed wife hydrogen prior to being introduced to fee catalyst. Preferably, the 
, » u c a t % ^ r . i mane and hydrogen. 

in the event that die feedstock comprises a mixture of gases, the gas mixture may be varied dating the 

, ) . >■ i ■ < ' o vi < . k ' ! ti r u 

of product to achieve specific carbon nanotube properties, such as, a particular distribution of carbon nanotube 
length, diameter, and/or ratio of single-wall nanofubes to smail-diameter carbon oanotebes with more than one 
wall. 

The support m aarta se ect<; i to be b t to wi b an 1 h< ►at i n >et awe - ~u red for smafi- 
akroeter carbon nanotube synthesis. Magnesium oxide is a preferred support materia* because of its low cost, 
ease of production, ease of being carried is a gas flow, and ease of removal from fee carbon nanotube product. 

The catalyst of the present invention can absorb gases, such as carbon dioxide and moisture, from fee 
ambient air. Depending on the exposure time and conditions, fee catalyst weight ear. increase up to about 8 
wt% dee m adsorbed species that can be desorbed at moderate lemperatures, such as between about H>0 V C aad 
about n certain erabotii < 1 i 1 rea > 1 ' sot jc support 

k hydt m, 1 a cues Sec, absorber is and ch itkx t r ' - «t « 

smali-dtameter carbon nanotube growth process. For Instance, water vapor from water cesorptico or 
decomposition of hydroxides reacts with carbon at elevated tmpmtures; and as such, could react with and 
decompose fee formed carbon nanombes. Thus, in one embodiment of feis invention, die ca a | as r 

a dry. t atmosphere, - as n j or s< u Mo being ased > rs-ske smaH-diametsr airbon > n t 
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in another uu m 3 , t the c <>- is dried in a dry, inert atmosphere, such as nitrogen or at*, prior 1.0 using 
it for snaking small-diameter carbon nanotebes. Temperature m the range of about !00"C up to about 800*C 
02a be used to remove most absorbed species trom fee catalyst Vacuum can also be used with or without tot 
0 , ^ . ' the cata > * 

After preparing the calalja, fee caJalyst is contacted with a gaseous stream comprising a carbon- 

_ 0 X i^\vi\» J K v.!! ! ' I v < < v?1,^0 "\ ' 

rbon nanctubes rv e i - 'ous vasixs also u ? 

A , i r i s ut the 

t i n b 1 1 t (i ' t tut t 

short growth rimes, -s > cor.' 1 o e 3 ~<< nru t. f to - 0 u 1 1 JjusSt v^co 

K , i 1 } n^v n.. si ae ar^e 1 ^ - o d 1 i0 - u. 1 Sy 

1 rims maU-<5sameu» carbon nan abases s tu.oot ;ei 1 1 

d l t TJ t " - NO C'vuU ! flu ! . -d ■ - > .<!H. J'l- Oo to if f 

is ! v. 1 i cr J. ^concentration 

and temperature, v ^ c>l iangth of small-diameter carbon nanotubcs grown under conditions appropriate 
to a specific growth rate depends 00 she duration of these conditions. Short duration exposure to growfe 
conditions will produce aanonfees that are physically shorter than those produced by long duration exposure. 
Short duration exposure to growfe conditions also yields a material comprising a larger fraction of single-wall 

, , I 1 - <. l i J hi £ ' 1 in 1 t a id 1 s o i 

small-diameter carbon hanotabes in the carbon product can be-jsrodwed by exposure of the supported catalyst 
to growth ro re i < ^ oi time. 

Additionally, the contact time, reaction temperature, and cosnposliioc tmd pressure of fee gas wife 
which the active catalyst is contacted in the reactor also determine the distributions of diameter, length and 
number of wails of the small-diameter carbon amotubes formed and the relative amounts of small-diameter 
carbon nsmotabes and extraneous carbon produced in fee reactor. The relative amounts of carbon-containing 
feedstock and other gases, such as hydrogen, its the reactor cats affect fee small-diameter carbon nanotuhe 

, <>g u j , c i 1 t -a It U 1 t ill 1 

carbon irt the product. Without being limited by theory, ore dynamics of carbon nanotube formation appear to 
be dependem on the coneormadon and rate of supplying carbon feedstock to the cataiyst to torn; the carbon 
n tots; ) m ition or rate of supplying the feedstot s mo higl >re amo rs fo hot 

are pn iuced relative to the formation of s.nail-diameter carbon naaotubes. Additionally, fee rate of forming 
small-diameter carbon nanotebes appears to be correlated to fee detect level in the nanotobe stnmture. For 
example, low levels of defects in the small-diameter carbon nanotube sirtjcture are generally associated wtm 
<, < 0 , . n r h rs street e 1 dated high 1 ' 'I ns 

gh v dependent on the tetnperature and fee partial pressure of fee gaseous 
feedstock. The partial pressure can be controlled, irt part, by adjusting t! » mt < Shi dtros j 

I t i >C \ JU i ^ "S 'I , I C t 

% vapor and carbon dioxide also serves to moderate the reaction rate, as well as, minimizes fee produciioe 
of extraneous carbon. However, coatroStng the hydrogen partial pressure in fee reactor is particularly effective 



wo mmmm 



::a controilwsg the rale of nadeatton end growth of carbon nanotubes and extraneous carbon, wife lower relative 
:ir«mtnts of extraneous carbon, being associated f higher hydrogen partial presiuies rri ' reactor. 

ModiSca of tk f ess, in ton n afi&ct fee diameter and w r 1 

distribution of the o _u carbon ) > u' - Addition of hydrogen or < I -s - i raves that . easy 
. oce >r iiticn of snch. gases at different locations Is. the reactor enables lurfeer conttoi 
] i u f t v 3oi ©wellis ostrof over 

the diameter and wall-nuihber distributions of the smatkliameter carbon nanotabes produced. 

u t i nr. e J a wl u r is! i u ; r Ln t o ecj 

e i ^ <e ) i i i ' * i| n < i s t !u <e w t e e i „ tub 

ij i i i v feedstock §3S composition and pressure in the region waste 

in f * iv u on takes place and reactor configuration. Nanotnbe nucieatkm on the 
catalytic, metal carried out under conditions independent from naaotobe growth provides greater control over die 
diameter and number of walls of foe naaotabe. 

Small-diameter carbon nanotobe growth can bt ion o \ > a i c i vh 

process, seroi-continuou* or continuous modes of operation. The continuous and semi-continuous modes of 

(1 1 ( ! 1 y { s i 1 III)!- ei 

feedstock, {2} making small-diameter carbon nsmotobes on the catalyst at s suitable temperature and for a 
suitable length of fee, and (3) removing 0» nsmotofce product from the gaseous stream. 

fe one embodiment, the catalyst for growing small-diameter carbon sanotubes has a particle size in the 
range suitable for transport ferough a reactor, typically having a cross-sectional dimension in the range between 

i , u it, i i r i 3 i t u ^ — ^ 

is carried through the reactor, which may comprise various zones that are maintained at different reaction 
condmor its- >. upturned fbi die re- t i tU 1 >\ i t j 

conditions re'nee, but are noi limited to, reaction time, tern . aic conoen rations of 

components of gas in the reactor. Because production of smalt-diameter carbon xamotabes cat; be a nsaltistep 
process, which, for example, can involve catalyst metal redaction to activate die catalyst, initiation of ntmotube 
growth, and continuation of the nanotabe growth, a desirable reactor configuration is one .having different zones 
wherein the catalyst is conveyed or transported from one reaction zone to another. In a reactor with one or more 
/ones, fee rea and th > * i For 

IN l. ) < s L < ' ! i 1 1 l i i r --hi t t ou<k orof- 

deroand in each zone of the reactor. 

a r or r t 1 >. ) to oi e 

c i t i ! etor, can be controlled in i r 

t re fin s s of the a o t ! t i < ! ' 

i r t a nr - < t liter. 1 ! i n< u e a i id r v 

time of the catalyst in the reactor, the temperature profile, and the composition of die gaseous stream 
contp tag die i c or >d u d «. i eiet 1 t 

relative amounts of extraneous carbon and small-diameter carbon nanotobes, and fee distributions of diameter, 
lengths and jionther of i e produced- 
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Ts-aasporting the caJaSyst through the reactor provides a scalable, high- volume aaaotube production 
< ^ imuously introduced at cue point in the reactor system sad product comprising 
small-diameter carbon naaombes is removed continuously at another point. This coutsmoiis scheme for 
• of small-diameter cartam nanotabes « be dons 5a a production plant comprising a catalyst 

- t< section a eactor section a, i a postprocessing section joined together in a single plant. After the 
post-processing section, other modifications to fee product ran he done, sotdb as, but not {hatted to, oxidative 
treatment of the product, removal of the catalyst support and catalytic metal residues, chemical modification of 
the naaotnbes, physical modification of the nanotabes, blending or mixing the nanoabes with otto materials, 
and aombmafioss thereof. 

The catalyst caa be transported throtsgh a reactor for making small-diameter carbon sanotubes by 
mechanics] means, such as by stmvs 01 conveyors, howsve enumnment m a v. a 1 m comprisr 
earoon-conteimng feedstock is a preferred means of transport. To transport die catalyst by its enrxainroent in a 
gaseous Slow, fee catalyst particles axe made into s»fScten«y finery-divided particles of a size that caa be 
transported in a gas flow in the reactor. The catalyst is introduced at one point in the reactor, and carried 
fcrough a number of zones. At least one zone will provide reaction conditions for the growth of small-diameter 
gsnotubos and other zones may include one or a combination of a natation zone where growth of me small- 
oi ietc - mn- ated, other nanotnhe growth zones, and a recovery zone where ih& product is 
removed from the gaseous stream comprising uareacted feedstock, byproduct gases and transport gases exiting 
the reactor. Ode means of removal of the carbon product fh)m tie gaseous stream can be done by collecting the 
product m a filter which is permeable to the gaseous mm exiting the reactor. The product can also be 
removed from the gaseous stream exiting the reactor by other means of gas-solid separation, such as, but sot 
limited to, a cyclone, wet scrubber, electrostatic precipitation, bag ooBection, and combinations feereof. 

^ , s , ^ i. k i/i iu dih.m i. el >U 

easily entrained in a flowing gas so as to effectively grow smsfrdiameter carbon nanotubes. For certain reactor 
designs, the catalyst particle can be less than about 109 microns in cross-sectional dimension and other reactor 
designs, less than about 30 microns in cross-sectional dimension. For some reactor conditions, the optimal- 
sized particles can be made by aggregating smaller particles to a size sufficient for effective reactor operation, 
such as in a fiuidized bed or Suidized suspension. Particle aggregation can be done by various means, such as 
by physical aggregation, compression, peptization, sxtrudafion and combinations thereof. Particle aggregation 
cm be done wife or without a binder material, such as * hydroxide of the metal whose oxide forms the catalyst 



In one embodiment of this invsatioa, a gas stream conmnsing a gaseous carbon-containing feedstock 
transports the catalyst through one or more zones or sections of a reactor Wherein each zone has controls for 
adjusting the conditions for small -diameter carbon nanotufee production. In another embodiment a gas stream 
, j ar an is used to escort fee catalyst ti heating zc ncl 

mat the t acfe/st reaches J osei'cned temperature before encouv ri ass t m-containiag feedstac 

The preferred temperature will generally be in a range of about 800°C and about I0O«°G. Is another 
embodiment, fee reactor is configured so that essentiaily-lnert, nomcatatytic refractory particles are optionally 
added to the reactor. These non-caudytic particles can provlda for a more ttniform dispersion of fee catalyst 
within the {lowing gas. maintain a cleat path for the Sow of catalyst, minimize toe sticking ana buildup of 
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it sit r endoftetmic or exothermic reaction xsc 1> d Hrtat - ras i 

catalyst and fee rector v< J s Kjp > -> < e t\ U> <nt i sir i - s c - i . u, >e 

^jil te'srai «B«ta< oadts, . 
The non-catalytic particles promote the formation of a generally uniform dispersion of the catalyst and hear fa 

i - » >i + . i t >t i r 

small-diameter carbon caootubos. Suitable reactor pressures are in she range of about 0.1 and about 'iOO 
atmospheres, and suitable Sow parts lengths are in fee range of about I sad abottt 1000 feet. Preferably, the 
reactor is oriented vertically. 

fl (L j n i r , r ! s iroameat wherein be 

catalytic racial is reduced to .wiva'e the catalyst prior to being ioirodaeed to the reactor. In anoihci 
embodiment, foe gaseous feedstock for she carbon naaotabes, such as meSsaue, car, be used its reduce fee oxide 
iiwsu i fV c i , ■ , it .elMU ' 

in one embodiment small-diameter carbon nanotubes are iri3de with a catalyst in a fiuidized bed 
reactor so that gas Sows uniformly tough the fimc&sd bed comprising the catalyst. This bed is maintained at 
emr v irestiil ibie rbr small-diameter carbon aanotuhe growth and gas comprising die gaseous feedstock is 
sad, at the same-time, reacts on fee catalys I tf pro fedi-t 
carbon nanotubes. While fee method can be »sed to produce small-diameter carbon aanotubes.. the method 
could, wife different catalyst compositions, reaction times and temperatures, be applied to produce iarge- 
,li m< i re n<, >h < m d r t i u ) 

Contacting the catalyst wife a gas or gas mixture ibr the purposes of catalyst activation and carbon 
nanotdbe tmc itiot a _ wt can be done at gas pressures fa the range of aboat O.i atmosphere and about 
200 atmospheres. Each of the processes may be dcae at the same or different pressures. Alter contacting the 
catalyst wife fee gaseous stream containing fee carbon-containing feedstock attd an amount of carbon naaotubes 
has been formed, the gaseous carboa-containing feedstock can be turned off and fee reactor cooled in a nitrogen 
or inert gas purge. The carbon product on the catalyst is then removed from the reactor. The carboa nahotube 
product forms predominantly on me surface of fee catalyst, and it is often desirable in many end-uses to remove 
, i i i v p *u *<>> j , rroduct. As a sopport material, MgQ is particttterry dessraMe, not-only 
because it produces only small amounts of extraneous carbon, but also because it can be easily removed tarn 
the Sua] nanotuhe product by treatment with a mild acid. The catalyst remaining after the reaction process, 
including magnesium oxide and catalytic metals, cm be removed by Seating or mixing fee carbon product 
comprising small-diameter carbon ntmotubes and residual catalyst with an acid, such as, but no!; limited to, citric 

id >. hv. aud an i \ n 1 1 1 1 

Modes- concentrations of these acids are effective in removing the magnesium oxide and much of the catalytic 
jRjetai. O'mr i ! *k i h , ) s ii ^ is . j ' ) i s h as 

bout 2 cmeoi citri tic acid sad! ittetic a f d t id is preferred. 

After mix-fail wish acid to remove the particulate support, such as magnesium oxide, and catalytic 
meeds, lbs carbon product is washed repeatedly wife water. After washing, the purified smab-diameter carbon 
narsombe product can be dried. 



-14- 



WO 2004/848263 



PCT/IjS20{S3/037307 



For certain applications,, she xauotubss may require further purification of fee small-diameter carbon 
naaotubc product. Further purification can be done by asy known means. Procedures for purification of carbon 
tsaaotubes ore ai-- it; international Patent Puhncatioas "Process for Prodiying Blngie-Waii Carbon Ni l 
aad Compositions Thcsreosr WO 62/064,86? polished- August 22, 2002.. and "Gas Phase Process for Purifykg 
-, 1 i s i u >e s [ t i s 1 j 

i' iti-Oil'v i I Ml 1 ) 

t ■< tt i ' i £ i m ome 

of lire nomnanolube carbon, and. may, to some wctent, oxidise Ore metal impurities. The oxidation r.empemrnre 
cats be in the range oi'.200T and about 400"C, preferably about 200°C to about 300 = C. The oxidation can be 
conducted in any gaseous oxidative environment, winch can comprise oxidative gases, such, as oxygen, aire 
carbon dioxide, water vapor and. combinations thereof. The choice of oxidation temperature depends on die 
particular oxidative gas aad its co.„.«ii t n » > t 1 » 1 a a m n u 

i fron ab ) J 200°C and about 1200*C }tj < i . 
«m b« adjusted and < 

. s, sue ' r s , v to i. ,><e i 

process, caa range iron; a few animates to days, depending on variables, kcludicg, but not limited to, the oxidant 
1 concentration, jj i! oxidation temperature. After heating the naaotafees k as oxidative environment, the 
remaining uitem j x r u a rbutt aasotubes is treated with acid to remove metallic 

»ds t m< «ty of nanotufees in the acid. I!»*cjd caa be a jafoeral acid, as organic add, or 
combinations thereof. Examples of acids feat could be used to treat and slurry the naaotubes include, but are 
I jodc acid, hydrobromic acid, hydrosodsc acid, sulfuric acid, oienm, 
d < j . teric i n 1 i t 

: • id raiKoh. o o cane <i as, 1 >su o<- 3 5 > 1 

poo; acid or diluted with a liquid medium, such as an aqueous and/or organic solvent. Generally,, an aqueous 

I " lk O E i ! Li' dl ' H L 1 1 it I 

i i i nd i jre removed from the naaotubes by rinsing. The nanotubes can fee 
1 i t ive > ed. Drying can be done with or without 

the appiicalao 5 of hi er its mm t d js atmosphere, st as, b nt t limited to, nitrogen or an 
inert gas, such as argon. 

Rerno^ 1 o tit pi cuilate l 
dv v i . 1 , Oi ^ t i - i <- o o „i m jw t ate it d ib approximate!) tr.e -as * m - e aod 
size of tire particulate support feat was used to support toe catalytic metal. The entanglement of the nanotubes 

:i ltjv! L f J/ t < < J 3 t < It T St 

of the particulate support used to make fee carbon aaaotobe particulates. Preferably, the paniculate support 

pt i J < i i it out } micron to about 10i nit i 'r 

the cross-Sectional dimension of the ftp support < hots than 1000 microns, 1 t i less i 300 
microns, preferably kss than "t 00 nncrons, and preifsrabiy less that) 1 ttsicroos. Depending fit! the reactor 
system u-td, fhe ens. sc a port c a t>e 1" hart JO i lie ons less thati 3 

microns or iocs feats 1 micros. For certain applications, even smaller particle sisss of between about 0.1 micron 
and about 1 microti may be preferable. 
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: i desired ts rre as, ,mu of fee carbon , ^ i - hi of , present n - i i is 

deosrident on the »an5caier end-use application. Generally, the cross-sectional dimension of the carbon 
nanorebe paniculate will, be !■> the range of about 0.1 micron and about iOOO microns, sypioaiiy in the range of 
boat 3 a and abo» 0 mts, 1 « i I 1 N oi «"bon 

i on ^et r d^ Hum 306 atom preferably less tfcan 100 microns, aid 

,i 30 micron c < pptications, the era - lit of fee canon naoombs 
s t erofi;; .less ft m t e n 1 1 > ! 1 ^ ! ^" tions, sas 

as i t - t ejruxters in field emission applications, preferred crosr-sectaree! dimension of the it 
, j j nu. on< 

i ii Lr.i < < i u * i Hi e 

embodiment, at least about 50 wv% of the tabular carbon in the pnxfur w to .>» * » ^."touif \ 
•another embodiment, at least about 80 wt% of the tabular carbon in the product is small -diameter carbon 
nauumk.. In yet ui ir sin Jin I at least about 90 ^ s vl carbon in 1 product is nil 

diameter carbon nanotubes. In yet another embodiment, at least about s : > vvi% of the tubular carbon it; the 
product is small-diameter carbon nanotubes. 

Although the carbon nanotubc particulates contain UtjJa extraneous carbon, annealing of the 
patiicBhtes mil enhance their thermal stability. The annealing also extends their useful lifetime as electron 
emitters. Annealing of the carbon aanotasbe particulates can he done at temperatures up to about 1800°C. For 
some applications, higher annealing temperatures up to about 2000°C may he used. The annealing is generally 
done in nitrogen or an inert gas snoh as argon. Annealing can also be done in noa-oxidizing gases, such as 
hydrogen or carbon monoxide, diluted with nitrogen or an inert gas. The- annealing time is dependent on 
temperature and the annealing gas, but generally is in the range of a few seconds to days,, preferably 10 minutes 
to 1 hour. For electron emitter applications, annealed carbon nanotabe particulates are preferred over 
uaanneaied carbon nanotabe particulates. 

The density of the carbon nanotubes in a carbon nsaotabe particulate is dependent on growth 
csmdifipSS used, The bulk density of the carbon nanotabe particulates is generally in a range, of about 0.01 
g/ C) o a ./cn a i ! a rai 1 1 nd ab< " _ - n ' r - i % ' ><« 

,i l i r i i i i r t r ; ) it 

area in the range between about 100 mVg and about 1000 m% The carbon nanotabe surface area is preferably 
g'eatos than Id - - ' . ^ h n 300 nr/g, and preferably greater than 1000 m% 

The carbon naaotube particulates ca i > jo i l s ' <. > >ti i 

the nanotubes can be single -walied, double-walled, triple-wailed, or in soma cases, quadruple waited, such that 
the diameter ti "„*.o e ho i . i n- nanotube is less than abo tn t t th« nge of about 0.5 nm 
and about 3 nm General! the nanotabe ro i » - i i > m ioo to i in 

between aboih 10 ran and about 50 nm. The cross -sectioned dimension can also be in she range between about 
10 nm and about 25 nm. hi another embodiment, the carbon nanotabe particulate can comprise ropes with a 
iss than 10 am. 
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Although - -..srhonnanotuhescar - A , v ; u v 

*e ropes of fit! carbon aatiotiibes cornp f isivtg natmrubes > different numbers of wads ate 

< -.J ! ov tl.r ro es o <. n 

single-erais carbon naruourbes. The heterogsneorts ropes of tmHdhdiaoioter carbon nanotabes composing 
* f r s f u Ij am ^ i i tut c ! 

i „ ii x „ It- ] its h -opes of 

i i i t 1 c r <■ ! a i r 

rjanotuhes, 

Manombe dispersabil i > >{«tioos and 

composites, in order to incorporate the exceptional electrical conductivity aod high tensile strength of foe 
fit ^ > i > i-i i i [ carbon 

" ! j i v <hi .i i , i.i 1 , id tcrist e at engirt eo' ip > \ i 

I v. ) nKs 4i icvt; i ! n t n i i 

have very few defects and therefore also have vary high eteeirica! conductivity and high tensile strength, 
. i « igie-w&li" carbon nanotubss. Hie sinaH-diameter carbon jsanotubes having only a 
few walls also -exhibit spectroscopic features thai are very similar to those of single-wall carbon, .nanotuhes. 

)de pealts m Ran a 3 i.scctra ^ 
about 400 cm" ! . and a Raman "G" line (at about 1582 cm' 1 ) that exceeds the Raman "IT Hne (at about i 3S0 cm' 
'} by a factor of two or store. These spectroscopic features are. however, not observed in large-diameter (i.e. 
greater than 4 am) multi-wall carbon nanotubes, 

hewn < !"> t 1 l it vtuom a significant 

" f . conductivity oi strength. Tire high porosity of the carbon nanofube particulates enhances the 

ease of dispersion of the particulates in other media. The naaotubs particulates can be readily dispersed at 
liquids, snch as, bat not limited to, aqu ! with or without surfe te k liqoit 

supenarMoai fluids or combinations thereof, to forai suspensions. The aaaotnbe particulates can also he 
dispersed in matrix madia to form composites. Suitable matrix media include, but are not limited to, 
foermopiasik. and thermosei polymers, metals, ceramics, inorganic t. ji organic ru i or combinations 
5 1 e)t Examples of foernxtplaslic o , r include, but aje it bradec! i polyolei'iny in-, , , 
polycarbonates. Esaaspks of foermoset polymers incudc, but are not Knnted to, epoxle.s, pheuoiics, 
<\, t j - v sihoooes. « nanombe parheuhn.es can be dispersed < tlx is, aiedia a a ..or in 
s f " ' i ' l .10 in j 

Wending, melt blending or a combination thereof In one embodiment of solvent blending, foe tsanotube 

- o er i i i i i M iii rt. Mi i,'l n * p •! 

to mater.ai solution, ids nanotubes are dispersed by such means as mixing, sonicating, high-shear blending, 
vibrating, sirakio-y ho;t:cg«:bU:;;, exuding and combinations thereof. After the nanotube component is 
i s t ed, resulting in a material e r nctt e See 

f t ! ' a i r ar J i r nc $ [ 

Carbon Nanotebes" published September 25, 2003, which is kcorporaied herein by reference. In melt 
e',r !m the carbon naootuba material is combined with & jo ti i material arid bieurlod together it; molten 
form with .heat and high-shear mixing sua;- as is in a simile- or multiple screw M' , t i a > . materia: 
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east also bo added to s rooiter: poly-mar and blended in eKfrusum equipment, such as a single- or tsvln-screv,- 
sxirtsder. 

in another t < carbon on w ! >v may also be - 1 without blending wife other 

media. The carbon naadiube particulates may be formed into aims, mats asd papers by pressing or other means 
of cosnpaciing. 

la. mot 5v be carbon nanotubes in the carbon n L ti ' i 

chemically desrivatfeed wife a raactionai group. Procedures disclosed in international Pat- Publ. WO 00/17101 

u Deri itk» r i il C t ianotabs published 'March 3< 0( > > u 

herein by reference, arc s - e "nail casbon sancub^s 

•fee c rhun nanoruK-*. car be 
group;;. The carbon nanofubes can be derivatized on their ends or sides wife functional groups, such as alk^i, 
acyL aryl araifcyi, halogen; substituted or uo&ubsttosed fcsol; unsnbstituted or substituted amino; hydroxy, arid 
OR i*hej :n H !•> it ~4ui £<nr th % oup ru h i ; i v 1 1 it d or substituted 

? and naiogen, and a linea. or cy< 

s-iE.ii one or moi eroaton tlooaily substituted \ m 1 i - > ^ i t j 

(it 1 II 1 l is O 3 s t 1 I 

rong e i 1 > it lents > > 

lil 1 - - r ' definitions are used herein. 

The term 1" as loved here includes both, straight aid branched chain radicals; for example 
Tieirvi ethy , propvl if t ^ \ ^ ) i ) i t )ct <vlp ttrvJ 

ottyi, 2,2.Tnn:nethyipcsrryl, noriyi, deoyl usdeeys, dodeeyh ;h;-; various branched chafe isomers thereof. The 
chaia may be linea; or cyclic, saturated or unsaturated, containing, for example, double and triple ootids. The 
alkyi chain may be interrupted or substituted with, for example, one or .more halogen, oxygen, hydroxy, siiyi. 
amino, or -other acceptable sabstitee&ts. 

'Urn term "aeyi" as used herein refers to carbenyl groups of the formula -COR wherein R may be. any 
saitabis substitnem such as, for example, 1 % and, n - halogen; substituted or n- -b , u ^ feu 
uasubxthated or substituted amino, nttsntatmsted or see- <>" hydrogen 

The m is employed sere s i <■ s 1 rd r romatic grot 

u«t,.r.i,teL> et.' .-ciiHc-T,nt<i i i i i 1 . \ > n ^o utu 

naphthyi, wbereia tint sabstituent on either the phenyl or naphthyl may be for example Cj.* alky!, halogen, C M 
aikoxy, hydroxy or nitro, 

The tenn "sraikyl" as used herein refers to alky I groups as discussed above having an aryl substituent, 
1 t t t piem rat^i 

10 1 . , i< n i 1 it r 1 1 t i > , onm 

noa-aroma&c rings uninterrupted or interrupted with sue or more beteroatore, for example O, 3. SO, SO,, sad 
N, or fee ring oray bo mssubiiiluied or substlfuted \vitd, tor exatrvpky halogen, asbyh aoyl, iiyrlrosy, s and 
- t x ^„ a b 1 < u lo i _ . -attavi in- >, - M * r p. oraralkvt 

The term "linear ox cyclic 1 " when ased berein includes, for exatnpie, & iuiaar chain which rosy 
)t > be i:;terrupted by an aroraabe or aoo-;axHnaf;c ring. Cycho chart- 1 h ^ fci' exarapie, , aromatic 
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product and effectiveness iii field emission .1 i ; i Ls bail milling of the carton amxotube product 
am roJ -tail t 1 the product 

The following examples are Included to deawnstrate preferred embodiments of She invention. It 
t f ! X 1 t t ion to u v 

! ' hi «„ ar"] tmis can 

be considered to constitute preferred modes for its practice. However, those of skill iatbs art should, is light of 
hi 1 i 1 . * ) t. ii^ <v 1 

dis md till 1 1 (' r ing irorn &e spirit and sc theim 

Example i 

0.4Og Ik>» (HQ nitrate nonahydrate, {FefNOj}, SHjO) (Mot Wt. 404.02), G.0365g axnaHraiura 
f in 1 i , ^ t i. N i "> > 
and 4 g anhydrous citric acid were dissolved in a 500-ml beaker with 10 mis deionized water. As soots as a 
s t t » 1 trpwaruie namace ne e > \ sudden 

drop is i < r 1 <. « „ t 1 <. h v i„ 3 1 n 

yellow fiufry flakes fli.ied the beaker. The (sraaee temperature was reduced to S50*C avid she caudyst was held 
ai SaO'T; < 60 minetas. The catalyst was removed ' > the furnace and pieced la a desiccator. Wife aid of a 
„ u at , - \ e >^adi V _50una t d >„i_ > > 1 r <r ■ 1 

v - 1 . -v (<5 Jim; mid very low bulk density (-0.1 gfan 3 ). The 

isid 1.3 t- Mo. in 35i an 1 i I 
t:;e catalysr can absorb gases,, saxb as carbon dioxide i and naoistnre. '-'he catalyst cars lose up <o about s 
wt% when heated up to about $00 °C in atr. 

0.25 g catalyst was placed fc quartz tube fitted with a quartz frit in the middle to hold the catalyst in 
place and operate the reactor as a fluidtzed bed reactor. The reactor was placed vertically in a high temperature 
tubular tu lace \ r 1 1 s 1 1 

ate: 150 seem) and the temperature increased at a rate of 20'C.drsin :o 
<WT, Ai 90G"C, asefeuie (CH 4 > was turned on for 30 seconds and then turned off. The reactor was cooled to 
room temperature under an argon purge. The result og 1 <.* ><, 1 '• - ^ % dark buck 

powder. The growth of StVNT, as measured by TGA ramped to 800°C in air, was 20.6 wt% with respect to the 
catalyst weight. The product was examined by scanning electron microscopy (SUM). Figures i.A and 2A give 
j - %; images a! 1- and 5,000X. u!.agnificauons ; respectiveiy. 

The as-grown protfcet was first- oxidized in ak at 300*0 for 1 hour, and then thoroughly mixed with 

x so ! i ^ ~ ) t ! LR t to )(! C t , IVitUT Wd 

acetone, repeatedly and ovsn-dried at 100°C to produce a purified product fhepu 1 prod anai 
TO A, contained less than 3 wt% catalyst residue. Figures IB, 2B, 3 and 4B give SEM images of the purified 
t x n <> > \ d ■> 1 \ 3 r tvoly 

4 - tt > * - s 1 ' e A few drops 

of fiie suspension wes'e deposited on a sneey carbon copper arid, After the etkanol was dried, die product, was 
* t i p to 1 >0 xv \ "I \ image: >i> 

Figaro \ at n 1 \ ' " > o Rones of SWNT are clearly seen, fciepe it 1 iadieascd that diameter 
of the SWMT was about 1 run. 
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Example 2 

This a pi i i ti the production or jsnall-diameter carbon naoorubes using the catalyst of 

< i a suifot -containing compound, 
i g catalyst, as prepared in Example 1, was places In a Qiiidized bed reactor. The reactor was purged 
with argon gas {Sow rate: 150 seem) arid the temperature was increased at a rats of20*Qtem £o 500°C. At 
1 <- J> ^ < r t i v. ! L -a jit by passing the arsv: > > i ^ ^ j 

i f K ts i i 1) ■* , i \ i 

r! for 10 

minutess *<i grou r rotubes ,fte< +i e i . t i u ■> ' > 3 oil ,mc a g m was 

H > i i I K , [ , c , Hi)' ed 

from the reactor was dark black powder. The growth of SWNT, as measured by TGA ramped to 800*C in air, 

v < s Svt\ght 

, 1 - s 3 a i i- ! ,^1,' 

e i ' ,. % v ' ace a >d it Lie oowus stfuctt."« of eataiyss support. 

s( Si or t is to v 5 

• . c i J oroduct was washed with water and acetone repeatedly and oven-dried 
st iO0°C to give a purified carbon naaotube product, which was analysed by TGA to contain, aboat 4 vst% 
catalyst residue. 

The purified small-diameter carbon naaotube- product was examined by SEM arid TEM. A TEM 
image of the purified small-diameter carbon naaotube product is shown in Figure 5A at about 700.000X 
magniScatioiJ. TEM image analysis indicated that the diameter of the single-wail carbon ntraotobes was about I 

Example 3 

uiis exanij . aii -diareeter carbon nanotu using a catalyst ^hh a 

different iron ana raoyowun composition 1 g i.t < t i < e 1 . ! »! s 
ammonium feeptaraoiybdafe tefrahydrate <•)'<, 4H 2 0), 20g magnesium nitrate- 1 j ^ t t 
Q&gfltfQik ^HjO), and 6 g anhydrous citric acid were dissolved in 20 mi deiouaed water in a 500-nsl beaker, 

» n me ep<.-at on t i ^ i K 

resulting catalysi sea;; 4.8 wt% Fe and 0.4S wt% Mo. The physical properties were similar those y f die catalyst 
in Example 1. 

C i 1 1 i "> J t i 

t v ^ i 1 i i " i j -ii to I> 0 <. At S-C (. >at a"gon 

v i • I- i md mefijaae (CH«) was turned ost for 10 asimites and then turned off. The reactor was cooled to 
room temperature under an argon purge. The resulting materia] retrieved iron;, the reactor seas dark black 
-1 d r r I ^ r s' lv a s , *. 

catalyst weight. 
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Example 4 

Ihs. psocedtsre o~ "A . t >. v ^ apt thai the 10-irdmne fwui a , .0 a a 

i > was 15.9 wt% with respect to < - 1 -r a? was 

anaUisicl-N ; - 1 ' e .p tnop) 

A high resolution TEM of carbon nanotube materia! made according to J • example is shown in 
Figure The ,j >t clearly shows < >r_ v. , j I , r rtanotubes comprising oanombes vl one 

ami multiple walls. The scale bar length is 7.5 aia, and the diameters 

11 ^ ^ .1,. i \" , -u n edge of a c-obor- ir a a !?reu s 

i \ \ ron bean; in th I'EM 7k u k 

cross-secrioi! of the rope, and me image shown appears to be a cross section of the rope. 

i - 1 , > , -, w i ' 1 in-i. t t ^ a 01 hiiM 

is shown ai Figure- 6A. A Rasaaa spectrum of fee Uogvr ~ » fc m n t < 0 < 1 v ubia 
! grown product is shown ia Figure 6B. 

Example 5 

Fhis examj t 1 >p< ed 1 o> 

catalyst. 0.225 g icon nitrate oonahydrate (Pe(NOj)$ 9H 3 0}. 20 g magnesium nitrate hexahydrme 
r i y, o j f i 1 i u i 1 1 i \ t 1 . 1 j. 

The rest of the preparation procedure was identical to Example 1. The iron content of fee resulting catalyst was 
; .0 wt'A Fe 00 VigO. TJie physical properties of toe catalyst were Areolar to those of the oataiysl to Example 1 . 

v 0 1 ' ■ 1 i reactor. The react; is f < ; sm gas !,i 

rate; 1 50 serin; and the temperature was increased at a rate of20°C/min to 850X. At ZSWC, argon was tot 000 
nirrotes and then turned off. Tile reactor was cooled to room, 
temperature una„>- .n e iesaimng material retrieved from the reactor was dark black powder. 

Tie: growth of SWNT, as measured by TGA in air tip to 800°C, was 7.3 %wt. with respect to the catalyst weight. 

The as -grows SWHT product was aoalyorea by -< ' m spectroscopy. A Raman -'-in of i to KBrA 
shifts of the small-diameter carbon nanotubes hi the as-grown product is shown in Figure 7A. A Haitian 
spectrum of the iaogontiai mode shifts of fee n I 1 .k carbon nanoofees in - as-grown product is shown 
.in figure TB. 

f wpar'u it, 1 u \ , - \ 1 [ t i ' 

i i " 1 j J 1 1 r u La ;er aiarte er 

sawmibe, ate > > 1 when fee oataiysl conaimed a 1 conwearrariun of catalytic metal. 
Example 6 

Carbon nanotubes were prepared by the method of Example 1. After the carbon nanofube product was 
recovered, die product was beared in air at a temperature of about 300 ,5 C tor about r hoar. After cooling the 

1 s s on a t mi - t ' > t 1 i ! 

{about 20 wfA RCI) a; u > temperature ' abota. 30 miuuaaa The ce.-feitfeg sample was rinsed with nerofezed 
water and dried. The dried sample was loaded fe an n 1 boat and placed fe toe center of die high 
"J: wife argots at a Sow rate of 200 ml/mm for 30 minutes at room 
tempemonay fee furnace temperature was ramped to i aTiTC at a rate of I S*C/riito and issld ibt 3 hours norier tire 
same argot; flow. The sample was then cooled to roosn temperature trader the same gas flow. Raman spectra 
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before and alter the annealing heal, treatment are given in Figure 8. TGA curves of fee sample before and after 
' < c irfs-^rj i "s^e " Mi lireaLn r,s he run 

tenmeramre of the carbon nsnombe; sample by about UXh'C eoa>pated 10 the iMamv.aied sample. 
Exasnpie " 

This example compares tb i c 
Exarnrac a above with 1(1 s p j carbon i' u obtained frcan til ' J i > <. fee. 

} 1 i tc, ■> ! 1 t 1 X 1 *1 

caaotahe/poiy-carb<sai.e bietids ware prepate by blending two grains of each nanonibe materia; with 33 a 
polycarbonate powder (LEXANSP HP I i 10 polycarbonate resin from GE Plastics. TEXAN is a registered 
trademark of the General Electric Company.). Blending was dorse for 10 nnfiutes at 275»C in a Plasti-cordsr 
rwfc-.«cr«w mixer (C.W, Brabender Instalments, fee). Each nanotv.be/pohxatbca33te composite blend was 
pressed sale a sheet approximately 0.5 mm thick. The electrical conductivity of each sheet was determined 
using 4-point probe rssistivity/amdijc&lty measurements using a Keifeisy Mode! 2400 SoureeMetec as the 
current 'aree and voiimetet Fh t t is HI ■m composite was 0.0452 

thx S.A N w ile the conductivity <- tl compc * r the mater il of. ft pol> ti - as 
i m u ' ..s with . i-ro- ; i,„ „[' a of J t< was 0.0964 ^ o 

Subs i , l i i i i ii h true 

t i t } > ! ^t-i ) m « S >' nanotabe 

) teriai % borate The eiectcwr o i ot he 1 •> wl?i and < m 1 , 

composites were 3.84 x 10 4 S/cm and 1.46 x Iff 7 S/caro, respectively. The eoiaductivities of fee polycarbonate 
composites made wife 1 m% and 0.5 wcH carbon nanombe particulates of this invention were 5.0.9 x Iff* S/cttl 
and 8.14 i Iff 4 S/cra, respectively. The resulis are shown in Table 1. In comparison, the carbsax nanotube 
P . i l ates of the present invention showed significantly higher eiectrical conductivity than sing.te-wai! carbon 
BSnbtubes at the same nanotube ioading levels. Tire higher conductivity is especially pronounced at low 
loadings of less fean 1 wi%. 



composites of Polyclonals and Carbon Nanotubes 



Loading of carbon a a tV t 
_ a; ^ s 


v. 1 J l* 11 'It 

nanombe particulates (S/cm) 


Ctatductivity with HiPCO 
SWT 
(S/cm) 


0.5 


S.t4xlF 


1.46x10" 


1.0 




3.S4 x I'T 


5.0 


9.64 x 10- 


4.52 x i0°- 



Example S 

This example compares < »«d F!BKIL -n * nanotubes (FIBRIL is a trademark of Im.. Catalysis 
I ite sjauona 5 v. at tb mgo wife fee a a ! n<s it 1 Carbot I1BR1L 

nanotubes commonly have diameters between 20 and 60 nm and cat; be used as a polymer additive for electrical 
conductivity* 



WO M04/948263 



1 m um 0373 



The electrical conductivities of compositions containing FIBRIL nauctubes and carbon tsaaotebe 
i > warding to the procedures of Example 7., were detcmined 

us i:;g 4-pc-int -irobe veai^dvify/condticdvity measurements using, a Reileaey M«W 2400 SoarceMeter as Uie 

e 1 J l LKl CftlJ t i [ i ! t I > t 

levels, the carbon oa:;otabe particulates of the present Invention provided stealer electrical conductivity in 
i. < ' > - ' . moes 

Phis Ca'v. ' i u ' - 1 i J ' r c her electrical 

conductivity fos a pJvi \ 'eve At very low loadings, such as 0.5 wf%, the carbon nanotube particulates 

1 S l f < 1 i O the poiycarbomi! I 

-\ , - f. . ' _ „ u . od carbon FIBRIL inaioBibes. 



- v ityoftbeComp I bt » d rt 



Lesiiirie of carbon aasio-ubes > 
} % u v . e \ 


Conductivity with, carbon 
nanotube particulates (S/cm) 


Conductivity with carbon 
FIBRE- naootubes 
(S/cm) 


0.5 


7.8? x Iff"* 


None 


1.0 


6.51 X W 


3.96 x 10-' 


2.5 


2.86 x 30-' 


2.08x10-3 


5 


9J4X10" 2 


8.52x10* 



Example 9 

this example demonstrates the sidewaSi fluorination of the smatkiiaraeter carbon nanotube? in the 
hi n nota j articulates, of the present invention. Purified carbon nanotobes particulates were exposed to a 
stew of 10% fluorine and 90% argon in a tubular furnace. The temperature was increased from 30°C to 
25Q°C over 30 minutes and then maintained at 250"C for 90 minutes. The ibraace was cooled to room 
• xap . i u) c and rt e carbon nanotube materia! was removed. The mass of the sample was measured and found 
to hav» nncs by m - \ t indicating p- 1 sidewaa fmorination of the carbon nanotube 
particulates. 
Example 10 

Carbon n.i.uotubes m- d i < ve*-e tested is 

sleet seal smitt rs T he carbon nanotube samples included in this example are as follows: 

Sam -i- >' < i ' 1 ^ 1 

•n t ^ %t p . 1 : ' it WC for i hour to hwed > ^ i 

vj.%. HC 0 mm at room tern i at 14.50 i is; In m 

>y . )a j i % 4. .a s 

Swu \ t i - i t - tl ot tit ^ l ' T l > 

o 1 11 t 5 ( r ) 1, 1 v j 1 il i . , u l 

o.!'20 wt% HCl for 30 mitt at room temperature. The sample was not annealed. Residual metal content was 3.S 
wt%. 
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Ssrapk; 103: SingSe-wrd] carbon nsnotubes made by the laser oven process. The sragls-waO carbon 
par oti he sampis. was made b tc. asi l, 5 51 1 \ 

6,533,714, "Method of Making Ropes of Single-Wall Carton Nanotubes", issued Fcbraaty S, 2005. The 
„ a \ h i 1 x ' as ^e 1 < 

1 j c a stwas 8.0 wi% 

Sample ( < G < j .. t > ii > i i „u c i is i 

procedures given in "Gas phase nucleatkm and growth of smuSe-wtui carbon, nanotubes ifors high presscri? 
cart* >> Pat Pxibi. WO 8 published May } 5 2000 The mpk rified t 

u irst250*C for I to < 1 ujaeous HC2 for 1 hour at room temperature, The 

] i f w r i i e ! j i \ l s hs iirfi 

Sample 105: HfPCO single-wall carbon naaotnfces made by Carton Nanotechnologtes, Inc. using 
procedures given in "Gas phase nacieaiion and growth of sipGe-wdl earbor; nauoiabe., n high pressure 
carbon monoxide", int. Pat. Pttbl. WO 00/26138 published May II, 2000. The sample was purified by heating 
is moist air at 250*0 for i br followed by mixing in 20 wt% aqueous PICi for 1 hour at room n rr.p t rou 1 lh. 
sample was t - i i . 1 > t s 

After preparation arid any additional neating procedures. iG nauotahe sample war i a ) t 
toteene to form a uo- Each u t slurry was deposited on a conducting gold-coated silicon substrate and 
lire a h.-enc was evaporated to fonn a nanombe fihs. The nanotobe film samples were tsated as electrical 
emitters according to the following test procedures. 

Ill y f 1 l < O i t l t is IS 

v« ■> ~. « i v V « -ton having a piezoelectric inch-worm motor The inrb-wpmi 

i i ii ^ i i til spies were 

ioideuort j 1 i < The 

gap between fee anode and the nanotube film was reduced until tunneling occurred at an ano&r-to-sampie 
distance d 0.5-1.0 run. The anode was ihen retracted to a distance of 250 urn, at which the field emission 
current versus electrical field was measured. 

Piers of fiek? emission current density versus electrical field are shown in Figure 10, The annealed 
carders aaeorube partbnfiates of the present tuventson showed ore highest emission current density ai rhe lowest 

os t >> >» a he tjr- mission field for each dot jotnb s i s'tei 

of about 0.J pA/cnv cm-rent density is give?) in Table 3. Low Gem-on" emission field is desired and svas 
lowest, a; * , c anncaba r a res m hive For emitter 

i i i o i v. o i o r k> i ' o o t.n i 

preferred.. 
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Table 3 : E ! ectr c ntssioR of C aton Nanotube 



Sample 


Sample > i i si:d 
Treatment 


Pi \u ■ u >e x>" 


\1M' ' 

conditions 


Residua] 

content 
(wt%) 


Field 

(Wfiai) j 


3.03 


i jo be 

present invention - 
purified and annealed 


Heated in dry air at 
30a o C for i. hr followed 
by mixing in 20 wt% 
HCi { ^for3§miaatRT 


1450°C for i 
hr in argon 


4.5% 


0.85 


102 


, re-tube 

presem invention - 
purified, not annealed 


' 1.3S3! 

300°C for t hr followed 
by mixing in 20 wt% 
HCi (8()} &r30nmatRT 


Not 
annealed 


3.8% 


0.98 


103 


Si carbon 

oven process- as- 
produced 


Not piirified 


Hot 
annealed 


8.0% 


US 


104 


jgle-wall 
carbon nanotubes - 
purified and annealed 


a noistairat 
250%: for i far followed 
by mixing in 20 va% 


1450°C for 1 
kin argon 


3.0% 


1,81 


105 


BIPCO single-wall 
carbon nrmotubes- 
purifsed. not annealed 


Heated in moist air at 
250°C for 1 hr followed 
by mixing in 20 wt% 
HCl^vforlhratR-T 


Not 
annealed 


10,0% 


1,95 



All of the compositions and methods disclosed raid claimed herein can be made and executed without 
rsidse experimentation in Light of fee present disclosure. While the compositions and methods of this ■ invention 
have been described in terms of preferred embodiments, it will be apparent to those of skill in the art that 
j ied to the coorp and in the steps in the equenc o ste rf f i 

method described herein without departing from lite concept, spirit and scone of the invention. More 
specifies!!} it 5' be ar-r«i n that c< t l a t 1 i 

agents described herein while the same or srmiiar results wouid be achieved. All such similar substitutes and 
m< < cations pparent to those skilled in the art are deemed to be within die spirit, scope and concept of the 
invention as defined by she appended ciaktis. 
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S CLAIM 

1, A i i f ) :ibr -in- k. : i > nanotubc particulate:;, comprising: 

(a) providing a cataiysi coniprisisig catalytic metal ok a paxticaJste support, wherein the 
particulate suppot i i 1000 microns, 

(b) contacting the eatalvs;. \ i a gaseous stream ; j i i a -> f „ K x at a 
suniciPnt icmperattire sad for a contact tisas sutdci.* t roaki - cai on product Of the 

' wherein thy carbon product comprises carbon jsaiiotube parfictilsies, wherein the 
i , „rrah- diameter unbon nanotuba- wki 

■sanombes have a outer diameter hi the range ofabont 0,5 am and about 3 nm. and 
{c} removing the particulate support from trie carbon product coropraing the carbon nanotnbe 
i it i wherein i carbon ranombe particulates t a macroscopic morphology t a 
app- oxKsace ml . jx ->■. >t t ^ t li> >r h ik oi >\ o 

particulate support. 

2, The mesboti of daia 1 wherein ihe smalkHametor carbon naaotubes are selected Son! the group 

■ a j > < ! i b i i 1 i 

naaotubes, quadruphs-waii carbon naaotubes and combinations thereof. 

3, The method of claim I wherein the particulate support comprises a material selected from Use group 
vonststm'v! -it.il , „ , , ir ; i omhiidnons thereof. 

4, The method of data 5 wh si agtiesia 

5, The method of claim ! whsrem the catalytic metal com] tl e - ^electee ( 
group consisting of chromium, nwivodsnum, tu > ~ it 

a < ■■ i - > !l i 'i i d su < i *n 

combinations thereof. 

6, The method of claim 1 therein the ca;aiydc metal comprises iron, 

7, ">t Sv v r . v» mprises iron aad raoiyixiemws, 

3. The method of claim 1 wherei - itneter carbon na \ !<v w? a bulk dens i 
ii. abo.ii 0.5 a/cm* 



about s ijjicroa and about 1 00 microns. 
13. The method of claim i wherein the carbon naftotube particulates have a cross-sectional dimension is 
the range of about 0.1 micron and about 1000 microns. 

12. i>w - i 1 ! i j i I » i oinension in 
the range of about 1 micron and about 100 microns. 

1 3 . The method of claim 1 wherein the smalMiamster carbon nanotobes are present in the stnaH-dtameser 
cos,' a i a t i n j if i -'f , v eight ot the canon 
product. 
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14. The £t L 1 of claim ; v r, the ; ' . < ^ - carbon oanombet; are present in n small-diameter 
mbm san r thar t of the carbc 
product. 

15. 1 method of dam; i wherein the tin carbon tranc tubes are present in the n i r t 
carbon nanotnbe paniculate in act amount greater to about 90 wt% of a to weight of the carbtaj 
product. 

16. The method of claim I wherein the small-diameter carbon nanotubcs span between more than one 
carbon nanotabe particulate. 

17. The method o laim 1 wherein the c j particuiai s e m sf about 10 
nT'gemd about 1000 arVg. 

IS. T i r joreia the c particu - i Sve n?a in the ransje of about 100 

;m 2 /!> and about 1000 m% 

19. The method of claim 1 whereas tije sraali-diaraetst carbon nanohibes in the carbon nanombe 
-artsc^e comprise op ! in b>nt_5uubes. 

20. The method of claim 19 wherein fee ropes have a r t »<• t -ml nut 10 
nm and about 50 ism. 

21. The method of claim 19 wherein the ropes a era - 1 i . mm It) am. 

22. The method of claim i wherein the carbon nanotube particulate;! comprise smaSi-diarneter carbon, 
nanotabes having more than about 10 small-diameter carbon nanotnbss,'>m s surface area of the carbon 
nanotube particulates. 

23. The method of claim 1 father comprising annealing the carbon nanotabe psaicaiates to form annealed 
qarbon : nanotabe particulates. 

24. The method , ! u u 23 wherein the i i i u is . by heating the u i nanotube ■ ttit ) te-. T 
nitrogen or an inert gas environment at a temperature between about 800°C and 1500 B C for a time in 
the range of about i and about 24 bows. 

25. The method of claim 23 wherein the annealed carbon nanotube particulates are stable in air at a 
temperature greater than about 400*0. 

26. The method of claim 23 where r k 1 t - > i 
i«mperat[n\ - : ; e T-nt 450*0. 

27. J he nethd am 2 vherei the annealsa csrixm r aiiot »e partscul; es a e siiKc sir at a. 
te mpersui e at utoe.t ;Ttn 

28. ^ i l 3 i >i*i r i f i i < e i 
temper n re * i a . " 

29. The method of claim 1 wherein the carbon nanotabe particulates ate blended with a matrix material 
selected Tom the group consisting of thermoplastic polymers, thenuoset polymers, meads, ceramics, 
end combination;; thereof. 

30. i 1 , ! i re <- 1 1 <r- j n > e k t r 1 
that comprises a polymer, 

31. < is r c g -a t n i 3 r i i i J 
carbon nanotubes. 
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32. The nw'jaoi i f ci< mi i'i t t i i 

33. The method of claim 3 1 wherein the der » ne or more $ t 
groups. 

34. The t 1 l of ckim 3: wherein iha carbon nanotube preefeuiates comprising tie derivatized carbon 
womb k ii 1 ed hoot Ibe \rcnp tun isUng ' f si 1 s 
polymers, tfasrxaoset polymers, metals, ceramics, and combinations thereof 

35. method of ctefe t 1 

nanoiubes > ded with I t isttng p 

polymath fcemsoset polymers, metals, ceramics, and combinations thereof 

36. j c . re 1 i ' ( < n r (Tube parhcuiatss corapri'mig the dethmmd carbon 
aaaombes n, oue or mote feactioaal groups are blended with a mafrsx material selected from 
fee group consisting of thsnnopiatfic pojjasss, tferraoset polyxam, metals* ceramics, and 
combiaations rbereof. 

.37, x v > < J 

'-dmea<i> iii 1 
a cross-sectional dimension of lass than a i ons ad wbersia d sraa • ueisr carbot 

n > ji i l 1 I s u>d about 3 »n 

38. i carbon r.anombe parOcaiate of i -7 wherein the srrialbdiameter carbon rttmotubes are selected 
frtun the groap consisting of Mapie-walkd carboa 5f\ lb. , - u . f carbon i ,\ i v rripie- 
walied carbon natiotubes, quackupk.-w.iied carboa nanotubes and combinations thereof. 

39. The carbon nanotube particulate of claim 37 wherein the carbon nanotube particulate hats a bulk- 
density in a range of about CO ! g.W and about 0.5 gW. 

40. The carbon nanotube particulate of claim 37 wherein the carboa nanotube particulate has a cross- 
sectional dimension in the range of about 0.1 micron and abom 1000 microns, 

41. The carbon nanotube particulate of claim 37 wherein the carboa nanotube paniculate has a cross- 
sectional dimension ia the range of about 1 micron and about 100 microns. 

42. T boa aa culate of claim 37 wherein fte small-diameter carbon naaotabes span 

J; - ... .... i i ' 

43. i i ! o"^ v. n ] o nitulate has & surface area 
in fee range of about 100 rrf/g and about 1000 mVg. 

44. The carbon nanotube particulate of claim 37 wherein the carboa nanotube particalate comprises ropes 

> ! s j - j carbon tranombes. 

45. Ine i 1 u i i t n ir t r\< i 
range of about 10 nm and about 5.0 ma. 

46. The carbon nanoiube parncuiate of cithtr; 44 wherein the ropes i a oreteoeeciionai dimension less 
than 30 ma. 

47. ! b J a i j i i 

. , h : > x . 

48. s carbon naao ibe artieu claim he a fed earb inotubepamei is stable 
n air at a ten • t ' oiit400 (> C. 
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49. Use carbon nsnotube ^ ~r te i h 47 wherein the annealed ? t m i } is stable 
an air at a teBQW&ftne in access of about 456°C. 

50, The cs j 5 ae of dain 47 wheiem me annealed ulate s stab! 

r at a 53 of sbot-t Sf'O 'C 

SL The carbon nanotube particuiat r t led notabe particulaje is stable 

ia air at a temperature in excess of about 55Q°C 

52. The carbon nanotube particulate of claim 47 where;:: a plurality of carbon nanotabe n m 1 > are 
present it; a matrix material vTiareui fas plurality of carbon nanotube particulates is present at a 
cotieemration in the range of about 0 GO: v.Tte and about SO v-t'ite, 

53. l >- ' M ^ M'f f, t.\ 4 1 1^ Jt'O ! 

consist?; r polymers » etals, tetans os, and com inatioc « - ? 

54. The carboi jaaotabe particula t 1 rati 1 particulates 
present its a matrix material comprising a polymer, wherein fee plurality of carbon naaotabe 
particulates is present at a concentration k a range of about 0.003 wt% arid about SO wt%. 

55. " „i< >i 11 1 01 uti , ; \ 1 v^bon naaotabes are derivatiasd carbon 
nanetobes, 

56. The carbon nanotube particulate of claim 37 wteeki fee carbon nanotubes are fiuonaated-fluorfaated 
carbon aattotubes. 

57. The carbon nm t t cu te of claim 55 wherein fee derivatized carbon naaotttbes comprise one or 
raore functional groups.. 

58. 1 v. 1 i 1 1 T 1 1 

eten\an e 1 ' 00; bes a; »i ) t a' r, i' i 1 \ 1 1 

the up t r i r t > 1 net mi and 

combinations thereof. 

59. The carbon nanotube particulate of claim 56 the carbon nanotube particulates comprising the 
fiuorinated carbon nanomoo 1 1 ; 1 1 1 1 1 i 
tire 1 j t ' ihn m rners, -neta s ceramics and 
combinations thereof. 

60. The carbon TUiaotubc paniculate oi'cteirn 57 wherein the carbon nanotebe partteolaies comprising tee 
derivafed. carbon nanotube;; comprising one or 1 Ehnctional groups are it; a composite material 

ir j ^ U Ian > v i ( i } i 

polymers, metals, ceramics, and combinations thereof. 

61. The carbon naeoutee particulate of claim 37 wherein tee particulate is present ir< a Held n t 
device, 

62. » iiii <. i r u - if t it t uitiii) 

S3, A mediod for producing carbo;; nanotube particulate;;, comprising: 

(a) z e 1 - t n a i ii t v> jerem the 

particulate support has a cross-sectional dimension of less than about 1 000 microns, and 
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(b) » o: . ; . , x i rjprisHiij a cat rtainmg f ck at a 

sttiScieat temperature and for a contact time sufficient to make a carbon product on fee 
k carbon product comprrsca ^ a; ran us 

carbon *i particulates comprise sanalkiiarneter carbon j,? 1 o it. i s-ask 
diameter carbon rtanotabes have a outer diameter in the range of about 0.5 am and about 3 

64. i meiod fclaia irfeercc ng removing tl t j j product 
coaapfkop the carbon Bimotnbe particulates wherein she carbon nanotnbe particulates have a 

oscopic raorp fa? > r i c t i i i i 

sectional dimension as the particulate support 

65. Ti i i 1 it i i i totubes are selected from fee group 
consisting of single-wall carbon nanombes, double-wail carbon nanotubes, triple-wail carbon 
aanctobes, quadruple-wall carbon, nanotubes and combinations thereof 

66. The method of claim. 63 wherein the j 1 a support comprises a material selected i the group 
consisting of zeolite, silks, akmsma, zircotua, magnesia ana ccasbkatioas thereof. 

67. ci > !a c -rw^ t n ^mgnesta 

68. This method of claim 63 wherein the catalytic metal comprises at least one elenu t i select rathe 

lii 'V m ' a _o > us - kv t r v\ , ar 

> u i r i . platinum, a lanthanide series element, an actimde series element, and 
combinations thereof 
69 . The method of claim 63 wherein the catalytic metal comprises iron. 

70. The method of claim 63 wherein the catalytic metal comprises iron arid molybdenum. 

71. The method of claim 63 wherein the particulate support has a cross-sectional dimension m a range of 
about 0.1 micron and about 1.000 microns. 

72. T )e r - , d 1 1 ie n ti j a 2 ! ? i c t > i i m 
about i micron and about 100 microns. 

73. The method of lain 53 wherein lh^ tn CI di< ne » i the smail- 
(i nt- carbon .aanotabe parkstiates in aa amourit greater than about 50 \ of a t weigh; of the 

product 

74. tjethod of claim < « r carbon nanotubes are present in tire stnaU- 

aa amount greater than about 80 wt% of a total weight of the 

carbon product. 

75. i vuer i-diamet rbc r f 3 i e pre u t in she smatt- 

' i i i\ h t v < a i i o <■•■ k 

carbon product. 

76. I ii.-e ii.' -t i i -la a 
carbon narsotube particulate. 

77. The method of claim 65 wherein the small-diameter carbon nanotubes in the carbon naaotnbe 
particulates comprise- ropes t u carbon nanotubes. 
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78. The method of claim 7$ whsrem me ropes have a cross-sectional dimension ia the range of about 1 (j 
njii arid about 50 nm. 

79. The memod of claim 78 wherein the > ' v* a < s vv t a u k m oficss than iO i 
SO, rbe mtixi'vi o u. comprisia ea! mo-nb 

armei t-vi oi 

S?. i ) r i * n2 carbon r out s » h 

" ' i r ' i etween about 800°C and iSQfTC fo; a time in 

oa feo 5 id about 24 hours 
82- i < i f i i ; n m -i o it i ■» lAdle in <m at 3 

i i creator hi cri a 

83. ) ' t. « < 4 , i t i , , , ( n , , r , ^ 

i c cm i ■) i" 1 s 

84. The method of ciakn 8G whsrein the annealed carton nanotube particulates are stable in air at a 
tsmpexiitare greater than about 5O0''C. 

85. The method of claim 80 wherein the annexed carbon nanotube particulates are stable in air at a 
temperature greater than about S5C"C. 

86. The method of claim SO wherein the carbon nanotube particulates >i i i 

s-k,;m it . m - ' - i o i d-r- ^ -a i n\ „ s. thennoset polymers, metal;-, ceramics, 
cud Goiribinatbaa uhereof. 

87. ! t. <. i >} t e <■ ! i i ! > n , i 

that comprises a polymer. 

53. i i ! t 1 iii { 
carbon t-anotabes. 

'89. The method of claim 88 wherein ctervatked carton uanotubes are Bwrmated carbon aanotubes. 
90, The method of claim ?S wherein the fimv i t u . >n 

groups. 

$1- ' ! 'h? method of claim S3 wherein ibo carbon nanotube particulates compmmg the denvsiized carbon 
i\i a\. „ blended with a matrix ma\ - cted fiom the gioi * j - . t . ^ < 

92. ThP irclL^o »>i clam .. <• ir t I | n i j i i i r! < 
it s t v i r > tj t it , n < f > f if 
polymers, d« ost lymcr t ceramics, and combinations thereof 

93. fS raet od j eh j g therein tb ca nanotube part i : jg the d hzed carboi 

i < re ou.ps il i I f f 

the group consisting of thermoplastic polymers,, ihermoset polymers, metals, ceramics, and 
combiflaUos thereof 

54 . A product of the process, comprising: 

(a) providing a catalyst comprising catalytic me! a! on a paniculate snppojt, v.t.ereh; the 
particulate support hag a cross-sectional dimansion of less than about 1000 microns, 
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fb) eoraacting i catalyst ' a gaseoaa stream f n a n t > . u feedstock at a 
:i e and far a. contact time sufficient to make a carboa product or the 
( hut her j a v v. > 

<- o i v i u I i s r 

about 3 nta, and 

(c) mso\ e part culate support from she carbon product to foms carbon t a k m 
parhcujates v*bert;.r the ca bon r not; oeprtj t i wx noiogs of an 

approximate shape i a;; approximate crosa-seehonsi dimension as before removal of the 
particulate support. 

35. epredru aim 94 her comprising mint i t oai naaotabe particulate 

96. Fna product of riami 9 v>hf , , > * 

b a vt > i bL v= 'u m i! ) a ! \ led carbon 
narotvb-s, quadruple-* bled caibci* j _ 1 , . < to 

97. An elsonm smiticr comprising a carbos naaotube particulate on a surface wherein the carbon 
r:.a;:otabe partiaaiate comprise:- eniaratted saaib-dsaaieter carbon aanotober. vvberera lbs sanalfdiaoteasr 
a t have ji i diameter i a range uf about 0.5 i and about 3 rata, wherein the carbon 

. - particnlat ; has .. •.-rois-secdona! dimension ia a range of about 0.1 microti and abou. 100 
micro£3s. 

98. The electron emitter of claim 97 wherein fee partK . lis <, ,> <„ a. ion in the range of 
about 0.1 micron and about 3 microns. 

99. The eiect j itter ofc a <> 7 vsfeorein tiie carbon nauotubes are selected from the group eo;::aktine; 
of siugli-vvaHed carbon maroiubes. dotbobr-vvalied carbon naaombes, ciple-wailed carbon narrotubes, 

i i , > carbon nanombes ana combinations- thereof 

100. jc e! ctroaeau r o =kte» f 7 < are i tb on a o U jwrti. cc rpriss : pes of carbon 
aanotubes. 

101. i r i n i r t i > i i - i 

about 10 nm and about 50 rim. 

102. b j - w f biiii) 

103. The electron emitter of daim 97 wherein the carbon nanofabe pafiiculaies con c 

) j i v * ) ) a H i ! (. i 

be pa cu 

104. ; 9* wherein tba carl 
activated by etching. 

105. The electron emitter of claim 97 wherein the elect;;);! ettotter is a component in a cathode of a field 

106. lbs electron emit 5 - rers id s . jsiot device i 

tb i > u t ers, microwave- or 

initiators., laser tubes, ;;park gaps, i i discharge rubes, directed energy devices, cispkiy tubes, 
is tons thereof. 
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(a) picvtdiag d carbon ?«r » 'f therein the carbon n,x ; . tare comprises 
entangled smah-dlaeieter carbon naeoixibsip wherein ihe sun naaotubes have an 
r 1 iiaraeter in r; 2 nsa and about 3 urn, wl 1 ;o nanotabes are 

<- df i < ea-hw nanotiee' Jtebk wai c i 

narsotubes, rtipfe-waiied carbon nanotefees, qiisdruple-vyaOed carbon nanotubss and 
« e «n the carbon aanotube particulate has a cro >,-,-.>■ dona! 
dimension at a range of about 0.1 micron and about 100 microus, and 

(b) deposit rticulaie on a sur&ce. 

198. The method of claim 107 wherein the carbon n , . v . « ionai dimension in 

•utO wd about 3 microns. 

iOS. it j 1 i n r ( r ii-i. it <t ki ( es ol >onnatso be 

particulate. 

110. The method of claim 109 wherein the activating , lone by: agro > 

111. The rae&ad of claim 110 wherein the etching means is selected frotD the group consisting of chemical 
Is i e ];. t . . H > i i < t ^e.e 

112. Then hot ofcku 0 wherein the etch eai omprfees chemic 1 etching 

HI it 1 i 1 1 ' n j ^ 1 >IJ 1 U. ) 

i m ! v t i o j , i , ( „ a 

thereof 

114. The method of elaim UO wherein the etching means is selected from fee group consisting of 
sputtering, reactive ion etching, plasma etching and combinations thereof. 

115. * v < ] i t^i i i < < t i 
particulate, 

116. The method of claim 106 wherein the annealed carbon nanotnbe panicuiciie is prepared by heating the 

a< • >\ i i >'i i, ^ w , < , i ib i 

8<30°C and t500°C for a time in the range of about 1 and about 24 hours. 

117. The method of claim 107 wherein a plara&ty of carbon saeorabe particulates is bisnded wx& a matrix 
materia j i t > i n t i no', rneta's. 

{ - as cor bit -i jet * 

113. i o < i pi i tii 4i tt ] s n i i i ix 
materia! comprising a polymer. 

i 19. * u , ) i 1 i r is jo T * r > i I I t i r U f i t t 'its 

( i v i 1 s r i i ! I t s , . 

U C ds.p )S) tu 1 t * ! t £ i K! 1 
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